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Introduction

Bladder cancer is consistently among the top ten most common 
cancers and causes of cancer death in both men and women. In 
the United States, there are greater than 70,000 new cases of 
bladder cancer reported per year and greater than 14,000 deaths. 
In the last ten years, the death rate from this disease is essen-
tially unchanged, whereas great strides have been made in other 
diseases.1 Thus, there is an enormous need to improve current 
treatment regimens in both the local and advanced setting and to 
develop novel strategies to prevent or delay progression, which is 
the main determinant of poor outcome.

The phosphatidylinositol 3-kinase (PI3K/AKT/mTOR) 
pathway is one of the core signal transduction pathways down-
stream of receptor tyrosine kinases (RTKs) that control cell 
metabolism, proliferation, protein synthesis, cell size, autophagy, 
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angiogenesis and motility.2 Within this pathway, AKT [other-
wise known as protein kinase B (PKB)] appears to play a central 
role as a key mediator of growth factor-dependent survival via 
phosphorylation-dependent inhibition of Bcl-2-associated death 
promoter (BAD) and Forkhead Box 03 (FOXO3) and activa-
tion of NFκB/p65.2-4 A large fraction of bladder cancers contain 
mutations, including activating mutations in the type-3 receptor 
for fibroblast growth factors (FGFR3), H-, N- and K-RAS and 
PIK3CA, deletion of the tumor suppressor PTEN and inactiva-
tion of tuberous sclerosis complex [TSC-1 (an upstream inhibi-
tor of mTOR)],5-12 that should activate components of the PI3K/
AKT/mTOR pathway. Furthermore, studies employing geneti-
cally engineered mouse models of bladder cancer have estab-
lished causal roles for loss of PTEN and mTOR activation in 
disease progression.13,14 Therefore, there is considerable interest 
in defining the determinants of sensitivity to clinically available 
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PI3K/AKT/mTOR pathway activation and six contained mul-
tiple activating mutations. The following molecular alterations 
were found: EGFR amplification (UM-UC-5),17 FGFR3 point 
mutation (J82, UM-UC-6, UM-UC-14, UM-UC-16), c-MET 
point mutation (T24, UM-UC-6), PIK3CA alteration (253J BV, 
J82, UM-UC-3, UM-UC-5, UM-UC-6, UM-UC-16) and H or 
K-Ras mutations (T24 and UM-UC-3). There were no activating 
AKT mutations in our panel of cells.

We then exposed the cells to increasing concentrations of 
AZ7328 and measured cell proliferation at 48 and 120 h by 
MTT reduction (Fig. 1A and B and Fig. 2A and B). We rank 
ordered the cells lines accordingly by sensitivity to AZ7328 at 1 
and 5 μM drug concentrations (Figs. 1C and 2C). We extended 
these observations in one cell line on the sensitive end of the spec-
trum (UM-UC-5) and one on the resistant end (T24) to confirm 
proliferative inhibition measured by a reduction in DNA synthe-
sis using a [3H] thymidine incorporation assay (Fig. S1). All of 
the cell lines that were relatively more sensitive to AZ7328 at 48 h 
had an activating PIK3CA mutation (UM-UC-5, UM-UC-6, 
UM-UC-16). However, there was variability in the PI3K/
AKT/mTOR pathway alterations among those cell lines more 
resistant to AZ7328 at 48 h, yielding an unpredictable pattern 
of resistance. With longer drug exposure (120 h), the sensitive 
(UM-UC-5 and UM-UC-6) and resistant (253J B-V and T24) 
relationships remained generally constant.

In a previous study we reported that EGFR inhibition, 
upstream of PI3K/AKT/mTOR, augmented TRAIL-induced 
apoptosis via an AKT-dependent mechanism.18 We therefore 
sought to evaluate whether direct AKT inhibition might also 
enhance apoptosis via the extrinsic pathway. We used PI-FACS to 
assess apoptosis-associated DNA fragmentation, which emerges 
as a sub-G

1
 population upon cell sorting. At 24 h, we observed 

minimal induction of apoptosis in AZ7328 resistant cell lines 
(253J B-V), whereas a more sensitive cell line (UM-UC-5), dis-
played very modest levels of cell death in response to the combi-
nation of AZ7328 plus rhTRAIL (Fig. 3A and B). Furthermore, 
neither cell line showed any induction of apoptosis mediated 

PI3K/AKT/mTOR pathway inhibitors in preclinical models of 
bladder cancer and designing clinical trials to evaluate the effica-
cies of these inhibitors in patients.15

The current study was initially designed to test the hypothesis 
that small molecule inhibition of AKT (using AZ7328) would 
preferentially promote apoptosis in human bladder cancer cells, 
which contain mutations that activate the PI3K/AKT/mTOR 
pathway. We also compared the effects of AKT inhibition with 
AZ7328 to that of the classic mTOR inhibitor rapamycin and 
studied the effects of combination therapy with dual pathway 
inhibition. Contrary to our expectations, AZ7328 had no signifi-
cant effects on apoptosis, either alone or when it was combined 
with conventional chemotherapeutics or TNF-related apoptosis-
inducing ligand (TRAIL). However, we discovered that AZ7328 
strongly induces autophagy in most of the cell lines tested, pre-
sumably as a cytoprotective response to the metabolic stress 
caused by AKT inhibition. In these cells AZ7328 interacted with 
chemical autophagy inhibitors to induce apoptosis. The potential 
clinical/translational relevance of our findings is discussed.

Results

Components of the PI3K/AKT/mTOR pathway are mutated 
in a large subset of bladder cancers,16 making activated AKT 
an attractive candidate therapeutic target in the disease. We 
hypothesized that tumors with alterations that activate the PI3K/
AKT/mTOR pathway would be especially sensitive to the anti-
proliferative and pro-apoptotic effects of AZ7328, a novel small 
molecule AKT kinase inhibitor. To test this hypothesis, we first 
characterized a subset of 12 molecularly diverse human bladder 
cancer cell lines for the presence of specific activating oncogene 
mutations and inactivation or mutation of tumor suppressors 
(Table 1). Our gene sequencing results were cross-referenced 
with those of the COSMIC (Catalog of Somatic Mutations in 
Cancer) cancer database for accuracy and all differences were 
reconciled. Two thirds of the cell lines (8/12) possessed at 
least one molecular defect that would be expected to promote 

Table 1. summary of pI3K/aKT pathway activating oncogenic mutations in a panel of 12 bladder cancer cell lines

EGFR FGFR3 c-MET PIK3CA RAS AKT1 AKT2 AKT3

253J B-V e545G

J82 K652e 
K560e

p124L

T24 T1010L hras-G12V

UM-UC-3 e545K Kras-G12C

UM-UC-5 amplified e545K

UM-UC-6 s249C T1010L e545K

UM-UC-9

UM-UC-10

UM-UC-11

UM-UC-13

UM-UC-14 s249C

UM-UC-16 s249C h1047R

highlighted mutations include eGFR, FGFR3, c-MeT, pIK3Ca, Ras and aKT, 1/2/3.
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it is unreliable to assign any predictive ability of PTEN status to 
AZ7328 sensitivity.

AKT phosphorylation is controlled by many upstream inputs.2 
Therefore, we also compared baseline AKT phosphorylation lev-
els across our panel as a more direct measure of AKT activity 
(Fig. 5B). Interestingly, high basal AKT phosphorylation was 
not associated with either PIK3CA/PTEN status or sensitivity 
to AKT inhibition. For example, UM-UC-11 and UM-UC-13 
(neither of which have PI3K/AKT/mTOR pathway activation) 
expressed high basal phospho-AKT levels despite being relatively 

by the intrinsic pathway when exposed to 
AZ7328 in combination with gemcitabine 
and/or cisplatin at clinically relevant concen-
trations (Fig. 3C and D). A subset of these 
experiments were confirmed by varying cell 
lines, duration of drug exposure and drug 
concentration (Fig. S2).

To confirm that AZ7328 blocked AKT, 
we assessed the status of phospho-AKT and 
downstream targets in cells lines throughout 
the spectrum of sensitivity. We chose to eval-
uate several extensively studied downstream 
targets of the PI3K/AKT/mTOR pathway: 
ribosomal p70s6 kinase 1 (or S6K1, which 
controls protein synthesis and cell growth), 
GSK-3β (which controls cell metabolism), 
cyclin D1 (a cell cycle progression protein) 
and p27 (a cyclin dependent kinase inhibi-
tor).19-21 We measured drug effects at the 
1–3 h time point because time course stud-
ies indicated maximal drug effect within 
this range (Fig. S3). Our first dose response 
experiments confirmed that AZ7328 reduced 
phosphorylation of S6K1 and GSK-3β to a 
similar extent at corresponding concentra-
tions in all the cell lines assessed (Fig. 4). 
We also observed a strong concentration-
dependent increase in the levels of phosphor-
ylated AKT (at both phosphorylation sites) 
consistent with prior findings showing that 
ATP-competitive inhibitors of AKT hold 
the protein in a hyperphosphorylated but 
catalytically inactive form (Fig. S4).22 We 
then went on to confirm on-target effects of 
AZ7328 by demonstrating a dose dependent 
decrease in the downstream molecule cyclin 
D1. There was, however, no change in p27 
level (Fig. S5). Together, our results showed 
that the effects of the drug on substrate 
phosphorylation were consistent across the 
cell lines in spite of the observed differences 
in their sensitivities to AZ7328-induced pro-
liferative inhibition.

Although PTEN deletion is a relatively 
rare event, reduced PTEN expression is 
found in a majority of muscle-invasive blad-
der cancers.23 Therefore, in addition to characterizing cell lines 
for the presence of inactivating mutations, we also measured 
PTEN protein levels by immunoblotting. Among the 12 cell 
lines tested, we found PTEN to be completely absent in two 
(J82 and UM-UC-3), but there was a 50% decrease in amount 
of PTEN in three additional cell lines (UM-UC-9, UM-UC-
10 and UM-UC-16) (Fig. 5A). Of these cell lines, UM-UC-16 
displayed the greatest relative sensitivity to AKT inhibition, fol-
lowed by J82, UM-UC-9 and UM-UC-10. Given the variability 
in PTEN expression among the responders and non-responders 

Figure 1. sensitivity of bladder cancer cell lines to increasing concentrations of aZ7328 as mea-
sured in 48 h MTT assays. (A) The anti-proliferative effects of aZ7328 in two relatively sensitive 
cell lines (UM-UC-5 and UM-UC-16). (B) The anti-proliferative effects of aZ7328 in two relatively 
resistant cell lines (253J B-V and T24). Note the differences in scales. (C) Rank ordering of sensi-
tivity to aZ7328 at 48 h of exposure in a panel of 12 bladder cancer cell lines by the percentage 
of proliferative inhibition induced at both 1 and 5 μM concentrations. aeGFR amplification, 
bFGFR3 mutation, cc-MeT mutation, dpIK3Ca mutation, eRas mutation.
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progression (from G
0
/G

1
 to S phase), cell prolif-

eration, angiogenesis and apoptosis. In bladder 
cancer cell lines, mTOR inhibition with rapamy-
cin has been shown to significantly decrease blad-
der cancer cell proliferation and induce G

0
/G

1
 

cell-cycle arrest without stimulating apoptosis in 
vitro and in vivo.24-26 In our panel of cell lines, 
rapamycin induced heterogeneous and partial 
growth arrest that plateaued at drug concentra-
tions around 10 nM (Fig. 6). Interestingly, the 
patterns of sensitivity to rapamycin and AZ7328 
were quite distinct. For example, UM-UC-3 
and UM-UC-11 were relatively more sensitive 
to rapamycin than AZ7328, whereas UM-UC-5 
and UM-UC-6 were relatively more sensitive to 
AZ7328 than rapamycin. Nevertheless, 253J B-V 
and T24 and were highly resistant to both AKT 
and mTOR inhibition.

It is well known that there exists a feedback 
downregulation of RTK signaling in cells with 
constitutive mTOR activation. mTOR inhibition 
relieves this feedback and causes AKT activation, 
which attenuates the antitumor effects of mTOR 
inhibitors.27 These preclinical observations have 
been reproduced in humans.28 Thus, combina-
tion therapy targeting both mTOR and AKT 
may produce enhanced antitumor activity relative 
to the effects of mTOR inhibition alone. To test 
this hypothesis, we exposed our panel of bladder 
cancer cells to the combination of rapamycin plus 
AZ7328 and we found at least additive effects of 
the two drugs. This improved response was seen 
in all but one of the 12 cell lines tested (253J B-V) 
(Fig. 7). Thus, resistance to the cytostatic effects 
of either single agent alone can be overcome in 
most bladder cancer cell lines with combination 
therapy in vitro.

Active PI3K/AKT/mTOR signaling is associ-
ated with high rates of cellular metabolism and 
protein synthesis.29 Autophagy is a cytoprotective 
adaptive response to nutrient deprivation in yeast 
or the absence of growth factor receptor signaling 
in metazoans that functions to provide a source 
of energy and amino acids when extracellular 
sources are not accessible. One of the major conse-

quences of active mTOR signaling is suppression of autophagy.30,31 
We therefore questioned whether AZ7328, by virtue of blocking 
AKT-mediated mTOR signaling, might stimulate autophagy 
in our cell lines, thereby masking pro-apoptotic effects of AKT 
inhibition. To examine this possibility, a select group of cell lines 
with varying levels of cytostatic response to AKT inhibition were 
exposed to various concentrations of AZ7328. Autophagy was 
assessed via anti-LC3 immunoblotting, to identify the accumu-
lation of autophagosome components.32 AZ7328 induced LC3 
processing in three of the four cell lines (UC5, UC9 and J82). 
We confirmed these results in the J82 and T24 cell lines using 

resistant to AZ7328. Conversely, UM-UC-5 and UM-UC-6 cells 
expressed relatively low phospho-AKT levels even though they 
both contain activating PIK3CA mutations and were more sensi-
tive to AKT inhibition. These discrepancies might be due to the 
absence of upstream signaling that may be required to strongly 
activate the pathway regardless of PIK3CA/PTEN mutational 
status. Irrespective of the mechanisms involved, the data clearly 
show that levels of phospho-AKT expression are also not predic-
tive of sensitivity to AKT inhibition in bladder cancer cells.

mTOR is a downstream effector of AKT that is important 
for many cellular processes including autophagy, cell cycle 

Figure 2. sensitivity of bladder cancer cell lines to increasing concentrations of aZ7328 as 
measured in a 120 h MTT assay. (A) The anti-proliferative effects of aZ7328 in two relative-
ly sensitive cell lines (UM-UC-5 and UM-UC-16). (B) The anti-proliferative effects of aZ7328 
in two relatively resistant cell lines (253J B-V and T24). (C) Rank ordering of sensitivity to 
aZ7328 at 120 h of exposure in a panel of 12 bladder cancer cell lines by the percentage of 
proliferative inhibition induced at both 1 and 5 μM concentrations. aeGFR amplification, 
bFGFR3 mutation, cc-MeT mutation, dpIK3Ca mutation, eRas mutation.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

www.landesbioscience.com Cancer Biology & Therapy 1329

affinity of PI3K for the negatively charged phosphatidylinosi-
tol substrate.34 The third mutation (P124L) is found in a region 
of four helices between the adaptor-binding and RAS-binding 
domains, the function of which is not known. However, a similar 
missense mutation is found in colorectal cancers suggesting that 
P124L may be a relevant activating mutation.35 Approximately 
25% of all bladder cancers contain activating PIK3CA muta-
tions; of these, E545K mutations make up 52% and H1047R 
13% of the total.16 There appears to be a significant association 
between the presence of activating PIK3CA mutations and low 
grade and early stage disease.16 Thus, AKT inhibition might be 
efficiently utilized to reduce the rate of recurrences in patients 
with non-muscle invasive bladder cancer.

Surprisingly, we failed to observe a strong correlation between 
the loss of PTEN or activated, phosphorylated AKT and sensitiv-
ity to proliferative inhibition induced by AKT inhibition. Thus, 

anti-LC3 immunofluorescence,32 which 
clearly revealed drug-induced LC3 punctae, 
indicating autophagosome formation in the 
former but not the latter (Fig. 8). To deter-
mine whether this induction of autophagy 
was an important cytoprotective mecha-
nism, we exposed the cell lines to AZ7328 
plus the chemical autophagy inhibitor chlo-
roquine and quantified levels of apoptosis 
by PI-FACS. The combination of AZ7328 
and chloroquine induced apoptosis in the 
cells that displayed drug-induced autophagy 
(UC5, UC9 and J82), but not in the T24 
cells (Fig. 9). Together, our results provide 
a strong rationale for evaluating the toxic-
ity and efficacy of combination therapy with 
AZ7328 plus mTOR and/or autophagy 
inhibitors in preclinical in vivo models and 
subsequently in bladder cancer patients.

Discussion

We began our study by testing the hypoth-
esis that AKT inhibition via the novel 
small molecule inhibitor AZ7328 would 
promote cell death as a single agent and 
would enhance the effects of conventional 
cytotoxic agents and TRAIL in human 
bladder cancer cells in vitro. Even though 
the drug blocked the AKT pathway in all 
of the cell lines examined and induced a 
range of proliferative inhibition, it had no 
significant effects on cell death. We next 
sought to identify predictors of response 
to AZ7328-induced proliferative inhibi-
tion. Large subsets of bladder cancers con-
tain mutations in FGFR3, PIK3CA, RAS 
and PTEN that might be predicted to 
drive constitutive AKT activation. Thus, 
we examined the activity of AZ7328 in an 
expanded panel of molecularly diverse human bladder cancer 
cell lines to determine whether sensitivity to proliferative inhibi-
tion could be predicted by mutational status. Represented in our 
panel were cells containing activating mutations in FGFR3 (J82, 
UM-UC-6, UM-UC-14, UM-UC-16), c-MET (T24, UM-UC-
6), PIK3CA (253J B-V, J82, UM-UC-3, UM-UC-5, UM-UC-6, 
UM-UC-16), or RAS (T24, UM-UC-3), EGFR amplification 
(UM-UC-5), or PTEN deletion (J82, UM-UC-3). Sensitivity to 
AKT inhibition appeared to only moderately correlate with the 
presence of activating PIK3CA mutations.

There are three known hotspot mutations in PIK3CA: 
H1047R, E542K and E545K, of which two were found in our 
panel of 12 cell lines. The E545K mutation disrupts an inhibitory 
charge-charge interaction between p110 and the N-terminal SH2 
domain of the p85 regulatory subunit.33 The H1047R mutation 
causes enhanced lipid kinase activity and increases the binding 

Figure 3. effects of aZ7328 on apoptosis. Bladder cancer cell lines were exposed to 5 μM 
aZ7328 alone and in combination with either 1 ng/mL or 10 ng/mL rhTRaIL or chemotherapy. 
apoptotic cells were quantified by pI-FaCs. (A) effects of aZ7328 with or without TRaIL in a 
sensitive cell line (UM-UC-5). (B) effects of aZ7328 with or without TRaIL in a resistant cell line 
(253J B-V). (C) effects of aZ7328 with or without various combinations of both 1 μM gemcitabine 
and 1 μM cisplatin in a sensitive cell line (UM-UC-5). (D) effects of aZ7328 with or without various 
combinations of both 1 μM gemcitabine and 1 μM cisplatin in a resistant cell line (253J B-V).
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We were also surprised to observe very distinct patterns of 
sensitivity and resistance to AKT and mTOR inhibition in 
spite of the fact that the mTORC1 complex is a downstream 
target of AKT. Interestingly, exposure to the combination of 
AZ7328 plus rapamycin produced at least additive inhibition 
of proliferation in 11 of the 12 cell lines. Because previous 
studies have demonstrated that mTOR inhibition results in 
AKT activation in preclinical models as well as in clinical tri-
als employing rapamycin analogs in patients, it is likely that 
the potency of double pathway inhibition involves prevention 
of this phenomenon.

TSC is a syndrome resulting from the loss of two auto-
somal dominant genes that produce harmartin (TSC1) and 
tuberin (TSC2).38,39 Functionally, the TSC1/TSC2 complex 
is downstream of AKT where TSC2 is directly phosphory-
lated and inactivated by AKT. TSC activation attenuates 
mTOR via a specific GTPase activating protein activity of 
TSC2 toward RAS homolog enriched in brain (RHEB).40 
Deletions of the long arm of chromosome 9 are the most com-
mon genetic alterations in urothelial carcinoma and mapping 
studies have linked this with the TSC1 locus.41 Other studies 
have found TSC1 mutations in 12% of bladder tumors. These 
results indicate that TSC1 mutations may play a role in the 
development of many sporadic bladder tumors.42 We screened 
our panel of cell lines for the level of TSC1 protein expression 
and found a varying range; however, these differences did not 
correlate with sensitivity to mTOR inhibition with rapamycin 
(Fig. S5).

One of the most familiar effects of active PI3K/AKT/
mTOR pathway signaling is the suppression of autophagy.31 
Autophagy is an evolutionarily conserved survival mechanism 
and recent studies have established that autophagy limits the 
cytotoxic effects of conventional therapies in tumors.30,31 In 
an attempt to understand the lack of effect on cell death using 
AZ7328, we speculated that inhibition of the pathway might acti-
vate autophagy in bladder cancer cells, which would be expected 

further molecular characterization is necessary before we are able 
to identify biomarkers that precisely predict sensitivity to AKT 
inhibition. It may be significant that 6 out of 7 of the cell lines 
with high basal phospho-AKT levels express molecular features 
of epithelial-to-mesenchymal transition (EMT).36,37 We plan to 
investigate whether there a direct cause-effect relationship exists 
between EMT and AKT activation in future studies.

Figure 4. pharmacodynamic response of selected cell lines to aZ7328. each column represents a dose response assessment of the following markers 
within a cell line (immunoblotting with phospho-aKT, phospho-s6K1 and phospho-GsK-3β).

Figure 5. potential predictors of response to aKT inhibition. (A) Western 
blot analysis of baseline pTeN status among the panel of 12 cell lines. The 
corresponding relative density indicates the pTeN band intensity relative to 
β-actin. (B) Western blot analysis of baseline aKT ser 473 phosphorylation 
status among the panel of 12 cell lines. The corresponding relative densities 
indicate the phospho-aKT band intensity relative to total aKT.
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laboratory from the 253J parental cell line by orthotopic “recy-
cling” in nude mice.43 All cell lines were maintained at 37°C with 
5% CO

2
 in modified Eagle’s MEM supplemented with 10% fetal 

bovine serum (FBS), vitamins, sodium pyruvate, L-glutamine, 
penicillin, streptomycin and non-essential amino acids.

Reagents and antibodies. AZ7328, a competitive inhibitor of 
the AKT ATP-binding domain, was provided by AstraZeneca. 
The drug was reconstituted in dimethyl sulfoxide (DMSO) 
and stored at -20°C until use. The stock solution was diluted in 
medium just before use, so that the DMSO concentration never 
exceeded 0.1%. Recombinant human (rhTRAIL) was purchased 
from R&D Systems, gemcitabine from Eli Lilly and Co., cisplatin 
from Teva Parenteral Medicines, Inc., rapamycin and chloroquine 

to inhibit drug-induced cell death. Our results 
confirmed that three out of the four cell lines we 
tested displayed strong, concentration-dependent 
increases in autophagy following incubation with 
the drug and in these cell lines combinations 
of AZ7328 plus chemical autophagy inhibitors 
induced apoptosis. Many targeted agents pro-
duce primarily cytostatic effects in cancer cells 
and many of these agents inhibit the PI3K/AKT/
mTOR pathway. It is tempting to speculate that 
autophagy may limit the cytotoxic activities of 
all of these agents, a hypothesis we are currently 
testing using inhibitors of growth factor recep-
tors (EGFR, FGFR and IGF-1R) and mTOR. An 
important question for future studies is to deter-
mine whether combinations of these targeted 
agents plus autophagy inhibitors produce exces-
sive toxicity in pre-clinical animal models, which 
we are also currently investigating.

In conclusion, our results show that the AKT 
inhibitor AZ7328 exerts largely cytostatic effects 
on urothelial tumor cells in vitro. Sensitivity to 
AZ7328-induced growth arrest was loosely asso-
ciated with the presence of activating PIK3CA 
mutations but not with baseline AKT phos-
phorylation or PTEN deletions. Combinations 
of AZ7328 and the mTOR inhibitor rapamycin 
had strong additive cytostatic effects but still did 
not produce cell death. Rather, our data strongly 
suggest that induction of autophagy interacts 
with other previously identified cytoprotective 
feedback mechanisms to block cell death in most 
human bladder cancer cells. Autophagy inhibi-
tion is an attractive, mechanism-based strategy 
to better exploit the biological effects of AZ7328 
and other agents that inhibit the PI3K/AKT/
mTOR pathway.

Materials and Methods

Cell lines and culture conditions. The 
University of Michigan Urothelial Cancer (UM-
UC) panel of cell lines was acquired and geno-
typed by the Specimen Core of the MD Anderson Specialized 
Program of Research Excellence (SPORE) in Bladder Cancer. 
Cell lines were validated by short tandem repeat (STR) DNA 
fingerprinting using the AmpFλSTR Identifiler kit according 
to manufacturer instructions (Applied Biosystems). The STR 
profiles were compared with known American Type Culture 
Collection (ATCC) fingerprints (ATCC.org), to the Cell Line 
Integrated Molecular Authentication database (CLIMA) ver-
sion 0.1.200808 (http://bioinformatics.istge.it/clima/) (Nucleic 
Acids Research 37:D925-D932 PMCID: PMC2686526) and 
to the MD Anderson fingerprint database. The STR profiles 
matched known DNA fingerprints or were unique. The meta-
static human urothelial cell line 253J B-V was generated in our 

Figure 6. sensitivity of bladder cancer cell lines to increasing concentrations of rapamy-
cin as measured in a 120 h MTT assay. (A) The anti-proliferative effects of rapamycin in 
four cell lines (UM-UC-5, UM-UC-16, 253J B-V and T24). Note the differences in scales. 
(B) Rank ordering of sensitivity to rapamycin at 120 h of exposure in a panel of 12 bladder 
cancer cell lines by the percentage of proliferative inhibition induced at both 5 and 10 μM 
concentrations. aeGFR amplification, bFGFR3 mutation, cc-MeT mutation, dpIK3Ca muta-
tion, eRas mutation.
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Technology, p27 and LC3 from BD Biosciences, β-actin from 
Sigma-Aldrich. The antibody used for LC3 punctae immunofluo-
rescence was purchased from MBL international.

disolphate salt from Sigma-Aldrich. Antibodies specific for phos-
pho-AKT, AKT, cyclin D1, phospho-GSK-3β, GSK-3β, phos-
pho-S6K1, S6K1, PTEN were purchased from Cell Signaling 

Figure 7. sensitivity of all 12 bladder cancer cell lines to various combinations of aZ7328 and rapamycin as measured in a 120 h MTT assay.
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mutations on our panel of 12 bladder cancer cell lines (Table 2). 
Oligonucleotide primers (sequences available on request) for 
amplifying gene coding exons were designed to give a product 

Detection of mutations by gene sequencing. A high-
throughput approach was used by the MD Anderson Sequenome 
Core Facility to identify specific oncogene sequence-specific 

Figure 8. Concentration-dependent effects of aZ7328 on autophagy. (A) Immunoblot displaying LC3-I and LC3-II expression in four representative 
cell lines (J82, UM-UC-5, UM-UC-9 and T24). The LC3 bands were quantified using Image J software and the bar graphs show the ratio of LC3-II to LC3-I 
as a function of autophagy. (B) Immunofluorescence analysis of LC-3 localization in J82 and T24 cells. Note that punctate LC-3 staining (green) is char-
acteristic of autophagy.
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Evaluation of cell proliferation by MTT reduction. The 
acute and chronic effects of AZ7328 were measured at 48 and 
120 h. In the 48 h assays 3–4 × 104 cells/well were plated in 
96-well plates for 24 h in complete media with 10% FBS and 
then exposed to varying drug concentrations. After 48 h, cell 
proliferation was assessed by pulsing the cells for 2 h with 
dimethyl thiazolyl diphenyl tetrazolium salt (MTT) (5 mg/mL 
in PBS) followed by solubilization in 100 μL of DMSO. Long-
term (120 h) assays were performed using a slightly modified 
version of a protocol published previously.45 Briefly, 500 cells/
well were plated in 96-well plates for 24 h in complete media 
with 10% FBS and then exposed to varying drug concentra-
tions. After 48 h the medium was removed, replaced with fresh 
medium containing the same concentrations of drug and cells 
were incubated for an additional 72 h. Cell proliferation was 
then assessed by pulsing the cells for 4 h with MTT (5 mg/mL 
in PBS) and solubilizing the reduced dye in 100 μL of DMSO. 
Color development was quantified by measuring the optical 
densities (ODs) at 570 nm and subtracting the ODs obtained 
at 660 nm (backgrounds). Results shown are mean ± SEM and 
were repeated in triplicate.

Quantification of DNA synthesis by 3H-incorporation. 
6–8 × 103 cells per well were plated in 96-well plates for 24 h in 
complete media with 10% FBS and then exposed to varying drug 

size in the range of 200 to 700 bp with a minimum of 40 bp 
flanking the splice sites using the Exon Primer program, which 
is bundled with the University of California at Santa Cruz 
Genome Browser (build hg17). M13F and M13R tags were 
added to the forward and reverse primers, respectively. Five 
nanograms of genomic DNA from each cell line were ampli-
fied in an 8-L PCR using AmpliTaq Gold (Applied Biosystems) 
on PE 9700 machines and subsequently cleaned using a diluted 
version of the EXO-SAP-based PCR product pre-sequencing 
kit (USB Corp.) dispensed by a nanoliter dispenser (Deerac 
Fluidics Equator by Promega). All PCR set-up procedures were 
performed in a 384-well format using a Biomek FX worksta-
tion after optimization. Sequencing reactions were then per-
formed using the M13 primers along with BigDye Terminator 
v3.1 Cycle Sequencing kit (Applied Biosystems) and cleaned 
with BET before separation on an ABI 3730xl DNA Analyzer. 
Base calling, quality assessment and assembly were performed 
using the Phred, Phrap, Polyphred, Consed software suite. All 
sequence variants identified were verified by manual inspection 
of the chromatograms. Mutation frequencies determined using 
this approach should be considered lower estimates as all exon 
sequences were not covered in all cases with perfect mutation 
capture. In contrast, the false-positive rate with this approach is 
low to nonexistent.44

Figure 9. effect of aZ7328 on apoptosis, as single agent or in combination with chloroquine. Bladder cancer cells (J82, UM-UC-5, UM-UC-9 and T24) 
were exposed to increasing concentrations of aZ7328 alone or in combination with a fixed dose of 50 μM chloroquine. apoptotic cells were quantified 
by pI-FaCs.
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Table 2. panel of activating oncogenic mutations assayed at the MD 
anderson sequenome Core Facility

EGFR

K860I-a2579T

L858R-TG

s720p-T2158C

T790M-C2369T spLIC

T854I-C2561T

Y813C-a2438G

Era

G400V

FRAP

M135T-T404C

GNAS

Q227-C651

R201-C601

HIF1A

Q697e-C2089G

IDH1

R132-C394T

R132-G295T

R172-a514T

IDH2

R172-G515

IGF1R

a1347V-C40404T

JAK2

V617F-G1849T

KIT

D816h-GC

D816V-aT

K642e-aG

L576p-TC

N556D-aG

R634W-CT

V559-T

V560D-Ta spLIC

V825a-TC

Y553N-Ta

KRAS

a146-436

G10R

G12-34G

G12-35G

G13-37G

G13-38G

Q61-181C

Q61-182a

Table 2. panel of activating oncogenic mutations assayed at the MD 
anderson sequenome Core Facility

AKT1

e17K-G49a

G173R-G517C

K179M-a536T

AKT2

G175R-G523C

AKT3

e17K-G49K

G171R-G511a

ALK

1174I-T3520a

a877s-G2G29T

D1091N-G3271a

F1245C-T3734G

F1245V-T3734G

I1171N-T3512a

I150T-T3749C

L560F-G1680C

M1166R-T3497G

R1275Q

BRAF

D594-1781a

e586K-1756Ga

SPLICE

G466-1397G

G466R-1396-GC

G469-1407a

K601e aG

K601N a

L597R-1790TG

V600-1798G-1

V600-1799T-1

V600-1799T-2

V600-1800G

CDK4

R24C-C70T-2

R24h-G71a

CTNNB1

D32-94G

D32-95a

G34-101G

s33-97T

s37-109T

s37-110C

s45-133T

s45-134C

T41-121a

(continued)
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Table 2. panel of activating oncogenic mutations assayed at the MD 
anderson sequenome Core Facility

PIK3CA Q546-1637a1

R088Q

s405F

T1025-3073a

Y1021-3061T

Y1021C-3062

pIK3R1

D560Y

G376R

G376R_2

intron1

intron2

M326I-G978

N564K

PRKAG1

R70Q

PRKAG2

N488I

RET

M918T

Rictor

M675I-G2025a

STK11

D194-a591T

D194-G590

F354L-C1062G

p281L-C842T

TNK2

e346K-G1036a

R99Q-G296a

Table 2. panel of activating oncogenic mutations assayed at the MD 
anderson sequenome Core Facility

KRAS Q61-183a

MEK1

D67N-G119a

h1112-3335

h1112Y-C3334T

M1268T-T3803C

N375s

N848s

R988C

T1010I-C3029T

Y1248-T3742

Y1248C-a3743G

Y1253D-T3757G

NRAS

G12-G34

G12-G35

G13-G37

G13-G38

Q61-a182

Q61-a183

Q61-C181

PDPK1

D527e-C1581G

T354M-C1061T

PIK3CA

a1046V

C420R

e110K

e418K

e453K

e542-1624G

e542-1625a

e545-1633G

e545-1634a

e545-1635G

F909L

G1049R

h1047

h1047-1

h1047Y

h701p

K111N

M1043I-G3129

N345K

p539R

Q060K

Q546-1636C

concentrations. After 24 h medium was removed and replaced 
with fresh cell culture medium containing 10% FBS and 
10 μCi/mL [3H] thymidine (MP Biomedicals). The cells were 
pulsed with [3H] thymidine for two hours and the media was 
subsequently removed. Cells were then lysed by the addition of 
0.1 mol/L KOH and harvested onto fiberglass filters using a cell 
harvester (Perkin Elmer/Wallac). The incorporated tritium was 
quantified in a 1450 MICROBETA Trilux liquid scintillation 
and luminescence counter (PerkinElmer Life Sciences). Results 
shown are mean ± SEM, n = 8.

Cell cycle analysis. 9–12 × 104 cells were plated in 6-well plates 
for 24 h in complete media with 10% FBS and then exposed to 
varying drug concentrations. After 24 h the cells were trypsin-
ized and pelleted by centrifugation. The cells were re-suspended 
in PBS containing 50 μg/mL propidium iodide (PI), 0.1% Triton 
X-100 and 0.1% sodium citrate. PI fluorescence was measured by 
fluorescence-activated cell sorting analysis (FACS) (FL-3 chan-
nel, Becton Dickinson). Cells displaying a hypodiploid content 

(continued) (continued)
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PBS, fixed in 4% paraformaldehyde diluted in PBS and per-
meabilized in 100 μg/ml of digitonin diluted in PBS. The cells 
were then blocked in a solution of 5% horse serum and 1% goat 
serum diluted in PBS followed by overnight incubation at 4°C 
with mouse antibody against LC-3 (MBL International) diluted 
1:300 in blocking buffer. After 24 h, the cells were washed in PBS 
and incubated for 1 h with anti-mouse antibody DyLight 549 
(Jackson ImmunoResearch Laboratories, Inc.) diluted 1:1,000 in 
blocking buffer. After PBS washing the cells were counterstained 
with Sytox Green (Life technologies, Grand Island, NY) diluted 
1:10,000 in PBS. The cells were then observed under a fluores-
cence microscope (ZEISS Axioplan2, Carl Zeiss Microscopy, 
LLC). Pictures were taken for each condition using an ORCA-ER 
Hamamatsu camera (Hamamatsu Photonics, K.K.) and Image-
Pro Plus 5.1 imaging software (Media Cybernetics, Inc.).
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of DNA, indicative of DNA fragmentation, were considered 
apoptotic. All conditions were replicated in triplicate.

Western blot analysis. Cells were plated at approximately 
70–80% confluency on 10 cm dishes and exposed to AZ7328 
for the times indicated. The cells were harvested and dis-
rupted on ice in lysis buffer [50 mmol/L TRIS-HCl (pH 7.4), 
150 mmol/L NaCl, 5 mmol/L EDTA, 25 mmol/L NaF, 1% 
NP40, 0.1% Triton-X100, 0.1 mmol/L Na

3
VO

4
, 12.5 mmol/L 

β-glycerophosphate, 1 mmol/L PMSF, complete protease inhibi-
tor cocktail (Roche)]. Protein concentrations were determined 
using the Bio-Rad Bradford protein assay reagent (Bio-Rad 
Laboratories). Approximately 50–60 μg of each protein sample 
was boiled for five minutes and separated by 15% SDS PAGE at 150 
mV in electrophoresis buffer [25 mmol/L TRIS-HCl (pH 8.3), 
192 mmol/L glycine, 0.1% SDS]. Proteins in the gels were elec-
trophoretically transferred onto nitrocellulose membranes in 
transfer buffer (25 mmol/L TRIS-HCl, 192 mmol/L glycine, 
20% methanol) for 16 h at 40 mV and 4°C. The membranes 
were washed in PBS with 0.1% Tween 20 (PBS-T), blocked in 
5% nonfat dry milk for 30 min at room temperature with shak-
ing and then rinsed with PBS-T. The membranes were incubated 
with primary antibodies diluted 1:1,000 in PBS-T containing 5% 
milk overnight, followed, after further washing, by incubation 
for 1 h at room temperature in horseradish peroxidase-linked sec-
ondary antibody (Santa Cruz Biotechnology) diluted in PBS-T 
containing 5% milk (anti-rabbit 1:3,000, anti-mouse 1:5,000). 
The probed proteins were detected using the enhanced chemi-
luminescence system (GE Healthcare/Amersham Biosciences) 
according to the manufacturer’s instructions.

Analysis of autophagy by anti-LC3 immunofluorescence. 
Twenty thousand cells were seeded in 8-well chamber slides 
(Becton, Dickinson and Co.) for 24 h in complete medium with 
10% FBS and then exposed to various drug concentrations. After 
24 h, the medium was removed and the cells were washed with 
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